Magnetic fluctuations in the extremely low-frequency (ELF) range from 0.1 to 10 Hz were found by the Lunar Magnetometer (LMAG) of the magnetic field and plasma experiment (MAP) on board the spacecraft Kaguya in the deepest wake behind the moon, where the magnetic field is usually quiet. The fluctuations were compressional and non-monochromatic, showing no preferred polarization. They were often accompanied by "type-II entry" solar wind protons that were reflected by the dayside lunar surface or crustal magnetic field, gyrated around the solar wind magnetic field, then entered the deepest wake. The ELF waves persisted for 30 s to several minutes. The duration was often shorter than that of the type-II protons. Most of the waves were detected on the magnetic field lines disconnected from the lunar surface, along which the solar wind electrons were injected into the wake. Since a large cross-field velocity difference is expected between the type-II protons and the solar wind electrons injected along the magnetic field, some cross-field current-driven instability such as the lower hybrid two-stream instability is expected to be responsible for the generation of the waves.
Introduction
Since the moon does not have a global magnetic field, solar wind particles hit the moon directly, and most of them are absorbed by the surface of the moon, leaving a plasma cavity called the lunar wake on the side of the moon that is downstream of the solar wind (Bosqued et al. 1996; Colburn et al. 1967; Lyon et al. 1967; Ness et al. 1968; Ogilvie et al. 1996; Owen et al. 1996; Schubert and Lichtenstein 1974) .
Recent observations made by the spacecraft Kaguya revealed that not all solar wind particles are absorbed, but 0.1% to 1% of them are reflected by the lunar surface, the crustal magnetic field, or the anti-moonward electric field over the magnetic anomaly (Saito et al. 2008b . The reflected protons injected into the solar *Correspondence: nakagawa@tohtech.ac.jp 1 Tohoku Institute of Technology, 35-1 Yagiyama Kasumi-cho, Taihaku-ku, 982-8577, Sendai, Japan Full list of author information is available at the end of the article wind flow generate a variety of wave activity around the moon. Large amplitude, nearly monochromatic ultra-lowfrequency (ULF) waves of 0.01 Hz (Nakagawa et al. 2012; Tsunakawa et al. 2010 ) and non-monochromatic whistler waves within the extremely low-frequency (ELF) range from 0.03 to 10 Hz (Nakagawa et al. 2011; Tsugawa et al. 2012) were most commonly observed around the moon. Significant monochromatic whistler waves were also seen, although they were less common (Nakagawa et al. 2003; Tsugawa et al. 2011) . The predominance of the two frequency bands is analogous to the low-frequency waves upstream of the Earth's bow shock, where the solar wind protons are reflected. The monochromatic, circularly polarized ULF waves are thought to be generated through the cyclotron resonance of the magnetohydrodynamic waves with the solar wind protons reflected by the moon, then convected down to be detected in the vicinity of the moon (Nakagawa et al. 2012) . The generation of non-monochromatic whistler waves in the ELF range can be explained by the cyclotron resonance (Nakagawa et al. 2011; Tsugawa et al. 2012) , although the mechanism has not been fully understood. Since the main source of these waves is the energy of the solar wind particles reflected at the dayside surface or over crustal magnetic fields of the moon, the wave activity is almost always observed on the dayside of the moon when it is exposed to the solar wind, and is depressed on the nightside. Usually, the center of the wake is magnetically quiet because of the absence of solar wind particles. ) energy time spectra of electrons detected by ESA2 sensor (on zenith-looking panel) and ESA1 sensor (on nadir-looking panel), (e, f) energy time spectra of ions detected by IEA sensor (on zenith-looking panel) and IMA sensor (on nadir-looking panel), (g, h) magnitude and directions of magnetic field measured by LMAG, (i) solar zenith angle of Kaguya, and (j) longitude and the latitude of Kaguya in SSE and ME coordinate systems. The B y−sat component was chosen because it was less contaminated by artificial noise than the other two components.
In spite of this, Kaguya sometimes, unexpectedly, detected magnetic fluctuations in the frequency range from 0.1 to 10 Hz in the center of the wake near the moon, in association with the solar wind protons that were once reflected at the dayside surface of the moon, were picked up by the convection electric field, then entered the center of the near wake because of their large Larmor radius, and are referred to as type-II entry ions (Nishino et al. 2009 (Nishino et al. , 2013 . The aims of this paper are to present the properties of the waves observed in the center of the wake and to discuss their generation mechanism.
Instrumentation
The magnetic field data used in this study were obtained by the lunar Lagnetometer (LMAG) of the magnetic field and plasma experiment (MAP) on board Kaguya (Shimizu et al. 2008; Takahashi et al. 2009; Tsunakawa et al. 2010) on its orbit encircling the moon at an altitude of 100 km during the period from 1 January 2008 to 30 September 2008. The period of the orbital motion was about 118 min at that altitude. The magnetic field vectors were obtained using a triaxial ring-core fluxgate sensor with a sampling frequency of 32 Hz. The peak-to-peak noise was less than 0.1 nT .
The ions and electrons were observed by the plasma energy angle and composition experiment (PACE) of MAP. The PACE instrument was composed of ion mass analyzer (IMA) and ion energy analyzer (IEA) for measuring ions below 28 keV/q, together with electron spectrum analyzer (ESA)-S1 and ESA-S2 for electrons below 15 keV (Saito et al. 2008a (Saito et al. , 2008b . The IMA and ESA-S1 were installed on the spacecraft panel facing the lunar surface, while the IEA and ESA-S2 were installed on the opposite side (Saito et al. 2008a . Figure 1a shows the dynamic spectrum of the ELF waves detected in the central wake on 24 September 2008. On this day, the moon was in the solar wind, and the orbital plane of Kaguya was close to the noon-midnight meridional plane (Figure 2 ). An enhancement of magnetic fluctuations in the ELF range up to 8 Hz was observed during a short period, from 10:10 to 10:12 in the center of the wake, where the magnetic field is usually quiet. The solar zenith angle was 150°to 167°. The ELF wave was detected when the spacecraft was magnetically disconnected from the lunar surface. The red (blue) bars in Figure 1b indicate the magnetic connection of the spacecraft to the dayside (nightside) surface of the moon, estimated from a simple extrapolation of the line of force of the magnetic field observed at Kaguya.
ELF waves in central wake
The magnetic fluctuation between 10:10 and 10:12 was accompanied by type-II protons, which are the solar wind protons that were once reflected by the dayside surface of the moon, were picked up by the solar wind electric field and entered the deepest wake (Nishino et al. 2009 ). Figure 1f shows the energy-time spectrum of ions measured by MAP-PACE/IMA. The type-II protons appeared at 10:08 around 0.3 keV and persisted for more than 50 min. Electrons that are thought to be pulled into the wake because of the electric potential produced by the ions ) are also recognized in Figure 1c ,d. Figure 3a shows an example waveform of the ELF fluctuations observed during the period from 10:11:00 to 10:11:04, compared with a quiet period from 10:00:00 to 10:00:04 ( Figure 3b ) as a measure of the noise level. The waveform of the ELF wave was not an impulse or a step-like function. The largest amplitude of up to 0.4 nT peak-to-peak was observed in the B y−sat component. The bottom panel of Figure 3a shows that there was a significant variation in the magnitude of the magnetic field |B|, suggesting that the magnetic variation was compressional. Figure 4 compares the spectra of the magnetic field variations (a) during the period of ELF wave from 10:11:00 to 10:11:32 and (b) during a quiet period from 10:00:00 to 10:00:32. In Figure 4a with a quiet period shown in Figure 4b . No distinct peak frequency was observed. An attempt was made to obtain the direction of the wave number vector using minimum variance analysis, but the ratio of the intermediate to minimum variance was not large enough to obtain the minimum variance direction with a good accuracy. No clear polarization was found either. Figure 5 shows another example of the magnetic fluctuations in the ELF range detected in the center of the wake between 00:08 and 00:12 on 29 September 2008. Again, the ELF waves were accompanied by type-II protons. It should be noted that the ELF waves were detected when the spacecraft was magnetically disconnected from the lunar surface. The electron flux was enhanced at the same time. Table 1 lists 15 events of magnetic fluctuations found in the central wake when the moon was exposed to unperturbed solar wind. These events were selected from the LMAG data set obtained in the central wake within 45°of the midnight meridian and within 45°of the equator in the selenocentric solar ecliptic (SSE) coordinate system, together with positive x GSE , where x GSE is the x component of Kaguya's position in geocentric solar ecliptic (GSE) coordinates. The condition x GSE > 0 on the lunar orbit guarantees that the moon was exposed to the solar wind and was far upstream of the Earth's bow shock. The condition, x GSE > 0 does not exclude the foreshock region, but most of the events in Table 1 were detected upstream of the foreshock, with only one candidate for exception ( 6), found downstream of the interplanetary magnetic field line tangent to the Earth's bow shock. The selection criterion of the ELF waves is a power density greater than 3×10 −3 [nT 2 /Hz] in the frequency range greater than 3 Hz. Any abrupt changes of the magnetic field intrinsic to the solar wind, which would also produce broadband spectra, were removed from the list of candidate events by visual inspection of the waveforms obtained by the spacecraft Kaguya and ACE. ACE data obtained at 215 to 245 R E upstream of the Earth were employed to observe the waveform of the unperturbed solar wind magnetic field.
It is recognized in Table 1 that all the magnetic fluctuations were accompanied by the type-II entry solar wind protons. The average magnetic field during the events had a large y component in the SSE coordinate system, which gives a favorable condition for type-II entry. The duration of the detection of the type-II protons was often longer than that of the ELF waves, suggesting that the existence of the type-II protons is not the only condition for the excitation of the waves. Figure 6 shows an event that may provide a clue as to why the duration of the wave activity was shorter than that of the type-II protons. This was an event of type-II entry protons with and without magnetic connection to the lunar surface, observed by Kaguya on 4 April 2008, and reported by Nishino et al. (2013) . This event is excluded from Table 1 because of the proximity to the large, abrupt changes of the interplanetary magnetic field that would cause broadband spectra. The abrupt changes are indicated by the gray dashed lines in Figure 6 . The type-II protons were observed on the magnetic field lines connected to the lunar surface during the period from 18:44 to 18:48, as recognized from the blue bars just below the dynamic spectrum in Figure 6 , then on the field lines detached from the lunar surface from 18:48 to 18:53. The wave activity was observed during the latter period, from 18:48 to 18:53, accompanied by the type-II protons on the field lines disconnected from the surface of the moon. At the same time, an enhancement of the electron energy was observed. On the other hand, the magnetic field was essentially quiet during the former period of the type-II protons on the field lines connected to the lunar surface. Although several broadband spectra are recognized in Figure 6 , for example, at 18:41, 18:43, and 18:45, they were caused by the intrinsic changes of the incident solar wind magnetic field (dashed line) and were not due to the wave activity. This suggests that the magnetic connectivity controls the electron flux and the occurrence of the ELF waves. Table 2 lists the magnetic connection between the spacecraft and the lunar surface. Thirteen events out of 15 were observed when the spacecraft was magnetically disconnected from the lunar surface, and five of them (indicated with ‡) appeared during magnetic disconnection from the lunar surface. Enhancement of the electron flux with energy of the order of 0.1 keV was observed in eight events out of the ten for which continuous observation of the electron spectra was available.
Control by magnetic connection
On the other hand, there were only two events observed on 3 and 4 September 2008, when the spacecraft was magnetically connected to the lunar surface. They were accompanied by higher energy protons of 3.5 to 5 keV. Figure 7 shows the event observed from 22:02 to 22:06 on 3 September 2008, during which the spacecraft was magnetically connected to the nightside surface of the moon, as indicated by the blue bars. The nadir angle of the magnetic field was in the range of 55°to 69°during the period, in contrast to other events whose nadir angles were larger than 70°. The energy of protons observed by the IEA and IMA was as high as 5 keV, about four to five times as large as that of the incident solar wind protons, 1 keV, calculated from the incident speed of the solar wind protons of 450 km/s measured by ACE. This is well below the highest energy of the solar wind protons reflected by the moon after experiencing self-pickup acceleration, 8.4 times as high as that of the incident solar wind calculated for this event in the solar wind magnetic field (2.6, 8.3, 3.29) nT. The search for electron enhancement was difficult because of the intermittent observations of MAP-PACE/ESA.
On the subsequent revolution of Kaguya, ELF waves were observed again on the magnetic field lines connected to the lunar surface from 0:01 to 0:05 on 4 September 2008. The energy of the type-II protons was as high as 3.5 keV.
Summary of observations
The properties of the magnetic fluctuations are summarized as follows:
i) ELF waves in the frequency range from 0.1 to 10 Hz were observed by Kaguya in the deepest wake of the moon. ii) The waves had a compressional component and showed no preferred polarization. iii) The ELF waves were accompanied by the type-II solar wind protons that gyrate around the solar wind magnetic field with a large gyroradius, to be injected into the wake. iv) Most of the ELF waves (13 of 15 events) were found on magnetic field lines disconnected from the lunar surface. v) Most of the ELF waves were accompanied by injection of solar wind electrons. vi) Two cases were detected on the field lines connected to the lunar surface, with high-energy protons.
Discussion

Wave activity and magnetic anomalies
In the previous sections, we have seen that the ELF waves were closely related to the type-II entry of the solar wind protons. As the solar wind protons are thought to be most effectively reflected by the lunar magnetic anomalies on the dayside of the moon, it is expected that the waves in the deepest wake were observed on the opposite side of the major magnetic anomalies. Figure 8a ,b shows the maps of the averaged power of the magnetic field fluctuations plotted in the Mean Earth/Polar Axis (ME) coordinate system, whose prime meridian (x-axis) is defined by the mean Earth direction (NASA 2008) . The colors indicate the power of the magnetic field fluctuations in the frequency range from 0.5 to 10 Hz, irrespective of the selection criteria for the events in Table 1 , averaged over each area of 1.5°in latitude and 1.0°in longitude. The wave activity detected on the dayside of the moon (Figure 8a) was enhanced above the magnetic anomalies in the southern hemisphere of the far side of the moon (Figure 8c ). On the other hand, the nightside wave activity (Figure 8b ), although relatively weak, was commonly observed on the near side of the moon, on the opposite side of the magnetic anomalies. This suggests that the major magnetic anomalies, when on the dayside surface, reflected the protons that were responsible for the generation of the ELF waves in the deepest wake. Figure 9 , adapted from Figure 3 of Nishino et al. (2010) , shows a schematic illustration of the type-II entry of protons that generate wave activity in the deepest wake.
Possible generation mechanism
The energy source of the ELF waves detected in the deepest lunar wake is thought to be the velocity difference between the type-II protons and the solar wind electrons swallowed along the magnetic field lines into the void of the wake toward the proton-rich region. It is expected that there is a significant cross-field component of velocity difference between the protons with extremely large Larmor radii and the electrons frozen-in Tsunakawa et al., 2010) . The ELF wave activity detected on the dayside is enhanced above the magnetic anomalies in the southern hemisphere of the far side of the moon, while that on the nightside is enhanced on the opposite side of the magnetic anomalies, suggesting that they were generated by type-II protons. to the solar wind magnetic field. Among several instabilities generated by the cross-field velocity difference, the most probable mechanism of ELF waves in the deepest lunar wake would be the modified two-stream instability, also referred to as the lower hybrid two-stream instability, or the lower hybrid drift instability, in the frequency range i << |ω| << e , where i and e are the ion and electron cyclotron frequencies, respectively (Gary et al. 2008; Krall and Liewer 1971; Matsukiyo and Scholer 2003; McBride and Ott 1972; Wu et al. 1984) . The compressional, non-resonant characteristics of the ELF waves in the deepest wake seem to be consistent with the modified two-stream instability. The frequency range, comparable to the lower hybrid frequency ω LH = ω pi / 1 + ( ω pe e ) 2 ∼ 2π × 4.1 Hz, for example, at 10:10 on 24 September 2008, is also the common characteristics of the modified two-stream instability. Here, the ion-and the electron-plasma frequencies ω pi and ω pe were 2π × 57 Hz and 2π × 2.8 kHz, respectively, based on the MAP/PACE observation of the proton density of the order of 0.08 × 10 6 m −3 , and the electron cyclotron frequency e was ∼ 2π × 200 Hz, according to the MAP/LMAG measurement of the magnitude of the magnetic field of 7 nT. Generation of the ELF waves by the lower hybrid drift instability might be possible because of the electron density gradient. Further work, examining the velocity difference in each event, is required in order to know whether or not the waves become unstable.
Conclusion
Magnetic fluctuations in the frequency range from 0.1 to 10 Hz were found in the center of the near-moon wake. They were often accompanied by solar wind protons that were once reflected by the dayside of the moon, were picked up by the solar wind electric field, then entered the deepest wake (type-II entry protons), together with the solar wind electrons injected into the proton-rich region in the wake. Since a significant cross-field velocity difference is expected between the type-II protons and the solar wind electrons, it is expected that the lower hybrid twostream instability is responsible for the generation of the waves.
